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We report on the broadband measurement of quantum radiation pressure noise (QRPN) in an op-
tomechanical cavity at room temperature over a broad range of frequencies relevant to gravitational-
wave detectors. We show that QRPN drives the motion of a high-reflectivity single-crystal microres-
onator, which serves as one mirror of a Fabry-Pe´rot cavity. In our measurements QRPN dominates
over all other noise between 10 kHz and 50 kHz and scales as expected with the circulating power
inside the cavity. The thermal noise of the microresonator, the largest noise source next to the
QRPN, is measured and shown to agree with a structural damping model from 200 Hz to 30 kHz.
By observing the effects of QRPN in the audio-band, we now have a testbed for studying techniques
to mitigate back-action, such as variational readout and squeezed light injection, that could be used
to improve the sensitivity of gravitational-wave detectors.
Quantum mechanics places a fundamental limit
on the precision of continuous measurements. The
Heisenberg uncertainty principle dictates that as the
precision of a measurement of an observable (e.g.
position) increases, back action creates increased un-
certainty in the conjugate variable (momentum). In
gravitational wave (GW) interferometers, the laser
power is increased as much as possible to reduce the
position uncertainty created by shot noise but at the
expense of back-action in the form of quantum radia-
tion pressure noise (QRPN) [1]. Once at design sen-
sitivity, Advanced LIGO [2], VIRGO [3], and KA-
GRA [4] will be limited by QRPN at frequencies be-
tween 10 Hz and 100 Hz. To improve the detection
rate of GWs, ideas have been proposed to mitigate
the QRPN [5–11], but until now there has been no
platform to experimentally test these ideas. Here
we present a broadband measurement of QRPN at
room temperature at frequencies relevant to GW de-
tectors. The measured noise spectrum shows effects
from the QRPN between about 2 kHz to 90 kHz, and
the measured magnitude of QRPN agrees with our
model. We now have a testbed for studying tech-
niques to mitigate back-action, such as variational
readout and squeezed light [7], that could be used
to improve the sensitivity of GW detectors.
Gravitational wave detectors such as Advanced
LIGO continuously monitor the position of test
masses using electromagnetic waves. In this case
the Heisenberg uncertainty principle requires that
∆N ·∆φ ≥ 1/2, where ∆N is the uncertainty in the
number of photons and ∆φ is the uncertainty in the
phase. The photon number uncertainty exerts back-
action (QRPN) on the mirrors on reflection, causing
them to vibrate [1, 12, 13]. GW interferometers typi-
cally use as much laser power as possible in order to
minimize the phase uncertainty and maximize the
signal-to-noise ratio for GWs. At sufficiently high
powers, however, the QRPN becomes larger than
the phase uncertainty, and it is no longer advanta-
geous to further increase the laser power. Advanced
LIGO will be limited by QRPN at low frequency
when running at its full laser power.
Given the imperative for more sensitive GW de-
tectors, it is important to study the effects of QRPN
in a system similar to Advanced LIGO, which will be
limited by QRPN across a wide range of frequencies
far from the mechanical resonance frequency of the
test mass suspension. Studying quantum mechanical
motion is challenging, however, due to the fact that
classical noise sources such as environmental vibra-
tions and thermally-driven fluctuations [14] usually
dominate over quantum effects. Previous observa-
tions of QRPN have observed such subtle quantum
effects, even at room temperature, but these experi-
ments have thus far been limited to high frequencies
(MHz-GHz) and in a narrow band around a mechan-
ical resonance [15–18].
In this work, we present a broadband and off reso-
nance measurement of QRPN in the audio frequency
band. We have developed low-loss single-crystal
microresonators with sufficiently minimized thermal
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2FIG. 1. Experimental Setup. Light from a 1064 nm
Nd:YAG laser is passed through an amplitude modula-
tor (AM), phase modulator (PM), and second AM before
being injected into the in-vacuum optomechanical cavity,
which sits on a suspended optical breadboard to reduce
seismic motion (shown in shaded grey). A micrograph of
the single-crystal microresonator, comprising a 70-µm di-
ameter GaAs/AlGaAs mirror pad supported by a GaAs
cantilever, is included in the diagram. An intensity sta-
bilization servo (ISS) and secondary servo are used to
maintain a constant input power by feeding back to the
AMs. The light transmitted through the optomechani-
cal cavity is detected by PDL. The signal from PDL is
sent through a servo amplifier (SA) before being sent to
the second AM to initiate the cavity lock sequence. The
beam reflected by the cavity is detected by photodetec-
tor PDM. The signal from PDM is used to lock the cavity
by sending it through a separate SA feeding back to the
PM. The PDL locking loop is turned off after the PDm
locking loop is active. The signal from PDM is also sent
to a spectrum analyzer for further analysis.
noise at room temperature such that the quantum
effects can be observed. The optomechanical sys-
tem, shown in detail in Figure 1, is a Fabry-Pe´rot
cavity with a mechanical oscillator as one of the cav-
ity mirrors. The optomechanical cavity is housed
in a vacuum chamber and sits on a suspended opti-
cal breadboard to provide isolation from seismic mo-
tion. The optomechanical cavity is slightly less than
1-cm long and consists of a high-reflectivity single-
crystal microresonator that serves as the input cou-
pler and a macroscopic mirror with a 1-cm radius of
curvature as the back reflector. The cavity is made
slightly shorter than the 1-cm radius of curvature of
the large mirror in order to achieve a small spot size
on the microresonator while maintaining stable cav-
ity modes. The microresonator consists of a roughly
70-µm diameter mirror pad suspended from a single-
crystal GaAs cantilever with a thickness of 220-nm,
width of 8-µm, and length of 55-µm. The mirror pad
is made up of 23 pairs of quarter-wave optical thick-
ness GaAs/Al0.92Ga0.08As layers for a transmission
of T = 250 ppm and exhibits both low optical losses
and a high mechanical quality factor [19–23]. The
microresonator has a mass of 55 ng, a natural me-
chanical frequency of Ωm = 2pi × 876 Hz, and a
measured mechanical quality factor Qm = 16, 000
at room temperature. The cavity has a finesse of
F = 13, 000 and linewidth (HWHM) of 2pi × 500
kHz.
A 1064 nm Nd:YAG laser beam is passed through
an amplitude modulator (AM), a phase modulator
(PM), and a second AM before it is injected into the
optomechanical cavity. The cavity length is man-
ually controlled by tuning the voltage sent to the
piezoelectric device (PZT) on the macroscopic out-
put coupler until the cavity is near resonance. Ini-
tially, the cavity is locked with the transmitted light
that is incident on the locking diode, PDL. The
signal from PDL is conditioned by a servo ampli-
fier (SA) before being sent to the second AM to
lock the cavity. The optomechancial cavity is locked
at a detuning of about 0.6 linewidths to stabilize
the cavity using a strong optical spring with a res-
onance frequency above 100 kHz [24]. The light re-
flected from the cavity is detected by the measure-
ment photodetector, PDM. The signal from PDM
is passed through a separate SA before being sent
to the PM. After the cavity is locked with both the
AM and PM feedback loops, the gain on the SA in
the PDL feedback loop is turned down to zero. The
cavity remains locked using the PM feedback loop.
The final measurement configuration uses only the
reflected light because the transmitted light has rel-
atively large shot noise due to the small transmission
(≈ 50 ppm) of the end mirror, which may pollute the
measurement. The reflection locking with the PM is
less robust, and we are not able to directly acquire
lock without first using the transmission locking. A
separate intensity stabilization servo (ISS) loop and
secondary servo are used to stabilize the power inci-
dent on the cavity to shot noise.
Thermal noise and quantum noise must be mod-
eled to fully account for the measured noise in the
experiment. Thermal noise, which is governed by
the fluctuation dissipation theorem [25], sets a limit
on the precision of mechanical experiments [26].
Thermal noise models are loosely divided into vis-
cous or velocity-dependent models and internal fric-
tion models, depending on the source of dissipation.
Structural damping models contain a frequency in-
dependent loss angle, φ, and for a harmonic oscilla-
tor have a displacement amplitude spectral density
of
x(ω) =
√√√√ 4kBTω2m
ωmQ[(ω2m − ω2)2 + ω
4
m
Q2 ]
(1)
where kB is the Boltzmann constant, T is temper-
3ature, m is mass, Q = 1/φ is the quality factor,
ω = 2pi × f , and ωm is the angular frequency of the
mechanical mode [14]. For structural damping, the
thermal noise falls off as 1/ω5/2 above the mechanical
resonance frequency. Viscous damping, on the other
hand, is proportional to 1/ω2 above the mechanical
resonance [14].
We model the thermal noise using a finite element
model of the microresonator that is constrained by
measurements of the frequencies and quality factors
of the fundamental mode and the next three higher-
order modes. We infer the modal mass for each mode
by using the thermal noise measurement presented
below and are able to reproduce the inferred modal
masses using the finite element model. The thermal
noise spectrum is calculated using Eq. 1 by sum-
ming the contribution of each mechanical mode in
quadrature.
The quantum noise is modeled using the input-
output relations, which consist of a set of equa-
tions that relate the output fields to the input fields
[27, 28]. Cavity losses are also included and serve as
an input for vacuum fluctuations to enter the cav-
ity. The dynamics of the microresonator are added
based on the same finite element model that is used
for the thermal noise model and measurements of
the Q, frequency, and modal mass of each mechan-
ical mode. This data is used to calculate the me-
chanical susceptibility of the microresonator. The
cavity losses and detuning from resonance are deter-
mined by measurements of the optical spring. The
input-output relations give the circulating power in-
side the cavity and the amount of light that is trans-
mitted and reflected by the cavity for the carrier and
sideband fields. The QRPN, shown in Figure 2, is
calculated using these input-output relations and is
proportional to 1/ω2 above the mechanical resonance
frequency.
After the cavity is locked, the signal from PDM is
sent to a spectrum analyzer for analysis. We mea-
sure an uncalibrated noise spectrum by first mea-
suring the power spectral density of the error signal.
We calibrate the spectrum by measuring the trans-
fer function from the laser-cavity piezo to our error
signal. The laser-cavity piezo changes the laser fre-
quency and has been calibrated separately. We cal-
ibrate the error signal into length by measuring the
response of the error signal to a change in the laser
frequency and by knowing the cavity length.
To measure the thermal noise, we decrease the cir-
culating power so that the QRPN is small compared
to the Brownian motion of the microresonator. The
measurement of thermal noise, shown in Figure 2
agrees with the structural damping model from 200
Hz to 30 kHz. We observe excess noise above 30
kHz, which may be related to thermoelastic damp-
ing, but is not entirely understood. The modeled
thermal noise shown in Figure 2 includes a thermoe-
lastic damping contribution from the low Q drum-
head mode that is between 5 MHz and 10 MHz based
on the finite element model of the microresonator.
The measured noise also deviates from the model
around the yaw mode at 3.7 kHz, pitch mode at 15
kHz, and side-to-side mode at 28 kHz as the coupling
of these modes changes as a function of power due
to radiation pressure induced torque. The coupling
to all three modes was minimized for a low circulat-
ing power when the thermal noise measurement was
taken. At higher circulating powers the radiation
pressure force from the light is enough to bend the
cantilever structure and cause the beam to hit the
mirror at a slightly different location, enhancing the
optomechanical coupling.
We take measurements at four cavity circulat-
ing powers of 73 mW, 110 mW, 150 mW, and 220
mW while maintaining a constant cavity detuning of
about 0.6 linewidths. The detuning of 0.6 linewidths
is chosen to maximize the circulating power inside
the cavity while maintaining a stable feedback loop
to lock the cavity. The optical spring frequencies for
the four measurements are 104 kHz, 119 kHz, 131
kHz, and 137 kHz, respectively. The noise spectrum
of the 220 mW measurement is shown in Figure 2.
The noise spectrum shows that QRPN is the largest
displacement noise source between 10 kHz and 50
kHz. Below 10 kHz, thermal noise is the biggest
contributor to the displacement noise, but the effect
of QRPN is still visible in the displacement noise
measurement down to 2 kHz, where it accounts for
about 20% of the measured displacement noise.
The data from each of the four displacement
noise measurements, along with other known noise
sources, is shown in the inset in Figure 2 where it
has been integrated over a 1 kHz band between 21
kHz and 22 kHz. QRPN scales with the square root
of power [1] and is the largest noise source for circu-
lating powers above 150 mW. For the measurement
at 220 mW shown in the inset of Figure 2, QRPN
represents 47% of the total noise, while the ther-
mal noise and shot noise plus dark noise contribute
30% and 23% of the total noise, respectively. Ther-
mal noise is the biggest noise source for circulating
powers below 150 mW, but again, QRPN still con-
tributes to the total displacement noise at circulat-
ing powers of 10 mW and below. For each of the
measurements shown in the inset of Figure 2, the
sum of shot noise and dark noise is the third largest
noise source. While shot noise scales with the square
4FIG. 2. Noise spectrum taken with a cavity circulating power of 220 mW as a function of frequency (f). The
noise spectrum includes shot noise and dark noise, classical radiation pressure noise (CRPN), measured and modeled
thermal noise, modeled QRPN, and a displacement noise measurement. The contributions from shot noise and dark
noise, CRPN, thermal noise, and modeled QRPN are added in quadrature for a prediction of the total noise. The
total noise includes a contribution from the measured thermal noise away from the resonances of the higher order
mechanical modes and uses the modeled thermal noise around the resonance peaks to account for the change in mode
coupling between low and high circulating power as described in the text. The thermal noise measurement was taken
with 5% of the circulating power used in the displacement noise measurement shown in orange. The peaks that are
present in the displacement noise measurement that are not associated with a mechanical resonance are a result of
nonlinear coupling that is not present at low circulating powers. The inset includes four measurements at circulating
powers of 73 mW, 110 mW, 150 mW, and 220 mW to show how each of the noise sources scale with cavity circulating
power. Each type of noise shown in the noise spectrum is integrated over a 1 kHz frequency bin between 21 kHz
and 22 kHz. The purple triangles are measurements of the shot noise plus dark noise, and the purple curve is a fit
to that data. The stars correspond to the displacement noise measured for the four power levels and the red line is
the measured thermal noise. The CRPN is not shown in the inset because it is well below the other noise sources.
The orange curve in the inset is the expected total noise including the contributions from shot noise and dark noise,
CRPN, thermal noise, and QRPN. The error bars on the measured data represent the measurement error based on
the statistical uncertainty from multiple measurements. The black curve is the expected total noise without including
the contribution from QRPN.
root of power, the purple triangles shown in the inset
of Figure 2 include a contribution from dark noise
and thus deviate from the expected scaling. While
it may be counter intuitive that shot noise (cali-
brated to length) increases with power, this scaling
is well understood as a result of the optical spring
suppressing the signal [28]. We sum the contribu-
tion of each of the noise sources to compute the to-
tal expected noise. We find that our four displace-
ment noise measurements, shown as orange stars in
the inset, agree with the total expected noise with
the statistical measurement error taken into account.
The measurement error is calculated by repeating
the measurement multiple times and is dominated
by the fluctuations in the transfer function measure-
ment that is used to calibrate the spectrum. The
orange curve shown in the inset of Figure 2 is the
predicted displacement noise without a contribution
from QRPN. All four measurements of the displace-
ment noise rule out the model without QRPN.
One effect that might mimic QRPN is bulk heat-
ing of the cantilever mirror caused by the absorption
of the laser light. Due to the structural damping
observed in our device, the mirror motion is dom-
inated by thermal noise below 10 kHz, while still
being QRPN limited above. The low frequency ther-
mal noise may be used as a thermometer to measure
any heating as a result of higher power. To explain
the factor of two increase in noise observed at 20
kHz between low and high power as a result of heat-
ing, the temperature would have had to increase by
a factor of 4. We can rule out this large increase in
temperature by observing that the measured noise
at frequencies dominated by thermal noise (between
51 kHz and 2 kHz for example) only increases by 2%,
which is within measurement uncertainty.
In conclusion, we present a measurement of quan-
tum radiation pressure noise in a broad band of fre-
quencies far from resonance of the mechanical oscil-
lator. The observed noise spectrum shows the mo-
tion of the micro-resonator is affected by QRPN be-
tween about 2 kHz to 90 kHz. Analyzing all known
significant noise sources, we show that the QRPN is
the largest contributor between 10 kHz and 50 kHz,
and that it scales as the square root of the optical
power, as expected for quantum noise.
Since the first proposals of interferometric GW de-
tectors, QRPN has been known to present a funda-
mental limit to the low frequency sensitivity of GW
detectors. For the past two decades, the measure-
ment of QRPN at frequencies relevant for gravita-
tional wave detectors has eluded increasingly sensi-
tive experiments. Meanwhile, several proposals for
reducing QRPN [5–11] have been relegated to the-
oretical concepts without the means to experimen-
tally test them. This measurement of QRPN at fre-
quencies in the gravitational wave band opens up the
possibility of experimental tests of QRPN-reduction
schemes. In addition, we are currently within a fac-
tor of five of the standard quantum limit [29] at room
temperature, which paves the way for a sensitivity
below the standard quantum limit by cryogenically
cooling the microresonator to reduce the thermal
noise.
Measurement back-action limits the sensitivity
of all force and position measurement. Moreover,
QRPN buffets the mirrors of GW detectors, limit-
ing the sensitivity to GWs. Measuring the QRPN
over this broad frequency band enables experimen-
tal tests of QRPN-reduction schemes to manipulate
and mitigate this vexing noise source. More funda-
mentally, this measurement amounts to observation
of the quantum vacuum fluctuation moving a macro-
scopic object.
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